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DIFFRACTION GRATING WITH REDUCED POLARIZATION- 
DEPENDENT LOSS 

CROSS-REFERENCES TO RELATED APPLICATIONS 

This application is a continuation-in-part application of AppL No. 09/615,300 
entitled "DIFFRACTION GRATING WITH REDUCED POLARIZATION-DEPENDENT . 
LOSS," filed July 13, 2000, by Larry Fabiny and Tony Sarto, and a continuation-in-part 
application of Appl. No. 09/669,758 entitled "GRATING FABRICATION PROCESS 
USING COMBINED CRYSTALLINE-DEPENDENT AND CRYSTALLINE- 
INDEPENDENT ETCHING," filed September 26, 2000, the disclosures of each of which are 
incorporated herein by reference in their entirety for all purposes. 

BACKGROUND OF THE INVENTION 

This application relates generally to a method and apparatus for diffracting 
light, and more specifically to. a diffraction grating useful in various applications, such as 
optical telecommunications, that require high diffraction efficiency in multiple polarization 
orientations. 

The Internet and data communications are causing an explosion in the global 
demand for bandwidth. Fiber optic telecommunications systems are currently deploying a 
relatively new technology called dense wavelength division multiplexing (DWDM) to expand 
the capacity of new and existing optical fiber systems to help satisfy this demand. In 
DWDM, multiple wavelengths of light simultaneously transport information through a single 
optical fiber. Each wavelength operates as an individual channel carrying a stream of data. 
The carrying capacity of a fiber is multiplied by the number of DWDM channels used. 
Today, DWDM systems using up to 80 channels are available from multiple manufacturers, 
with more promised in the future. 
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Optical wavelength routing functions often use demultiplexing of a light 
stream into its many individual wavelengths, which are then optically directed along different 
paths. Subsequently, different wavelength signals may then be multiplexed into a common 
pathway. Within such routing devices, the optical signals are routed between the common 
5 and individual optical pathways by a combination of dispersion and focusing mechanisms. 
The focusing mechanism forms discrete images of the common pathway in each wavelength 
of the different optical signals and the dispersion mechanism relatively displaces the images 
along a focal line by amounts that vary with the signal wavelength. 

10 Both phased arrays and reflective diffraction gratings may be used to perform 

the dispersing functions. While phased arrays are adequate when the number of channels 
carrying different wavelength signals is small, reflective diffraction gratings are generally 
preferable when large numbers of channels are used. However, reflective diffraction gratings 
tend to exhibit greater polarization sensitivity and since the polarization of optical signals 

1 5 often fluctuates in optical communication systems, this sensitivity may result in large 

variations in transmission efficiency . Loss of information is possible unless compensating 
amplification of the signals is used to maintain adequate signal-to-noise ratios. Although 
polarization sensitivity may generally be mitigated by increasing the grating pitch of the 
reflective grating, limitations on the desired wavelength dispersion for signals at optical 

20 telecommunication wavelengths preclude an increase in grating pitch sufficient to achieve 
high diffraction efficiency in all polarization directions. 

It is thus desirable to provide a diffraction grating that can achieve high 
diffraction efficiency without significant polarization sensitivity when used at optical 
25 telecommunication wavelengths. 



SUMMARY OF THE INVENTION 

30 Embodiments of the present invention provide such a diffraction grating, 

achieving high diffraction efficiency in all polarization states when used for diffraction of an 

optical signal at telecommunications wavelengths. The diffraction grating in such 

2 
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embodiments includes a plurality of spaced triangular protrusions on a substrate in which 
reflective faces are blazed at angles 9b that are substantially different from the Littrow 
condition. 

Thus, in one embodiment of the invention, the diffraction grating is configured 
to diffract an optical signal of wavelength X. It has a substrate and a plurality of reflective 
faces oriented at respective blaze angles 8b spaced along the substrate surface at a grating 
density 1/d. The blaze angles 6b substantially differ from the Littrow condition 
sin# 6 = JL/2d . Each of these reflective faces is supported by a support wall that is connected 
with the substrate surface such that the optical signal is reflected essentially only off the 
reflective faces and not off the support walls. Since the optical signal is reflected off the 
reflective faces but not the support walls, the diffraction efficiency of certain polarization 
states is improved. 

In particular embodiments, the support walls are connected substantially 
normal with the surface of the substrate and in other embodiments they are connected at an 
obtuse angle with the substrate. The blaze angles are preferably within the range 50° < ©b < 
70° and more preferably within the range 50° < 8b < 60°. The density at which the reflective 
faces are spaced along the substrate is preferably between 700 and 1 100 faces/mm and more 
preferably between 800 and 1000 faces/mm. 

In a certain embodiment, the reflective faces are equally spaced along the 
surface of the substrate at density 1/rfbetween 800 and 1000 faces/mm without exposing the 
surface of the substrate, with each of the blaze angles 6b substantially equal to 54.0°. In 
another embodiment, the reflective faces are equally spaced along the surface of the substrate 
at density 1/d between 800 and 1000 faces/mm such that a portion of the surface of the 
substrate is exposed between each such reflective face, with each of the blaze angles 6b 
substantially equal to 55.8°. In that embodiment, the support walls preferably have an 
altitude between 1200 and 1400 nm, more preferably substantially equal to 1310 nm. 
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In certain other embodiments, the diffraction grating is configured to be used 
to diffract the optical signal in an interference order higher than first order. In one such 
embodiment useful in second order for wavelengths between 1500 and 1600 nm, the 
reflective faces are spaced at a grating density of approximately 450 faces/mm, with blaze 
5 angles substantially equal to 55.8°. A portion of the substrate may be exposed between 
subsequent reflective faces, defining trenches between the faces. In one embodiment, each 
trench has a width between 0.50 and 0.70 y,m. The height of the support walls defines a 
groove depth, which in one embodiment is between 2300 and 2500 |jm. 

10 Embodiments of the invention are also directed to a diffraction grating for 

diffracting an optical signal with a polarization-dependent loss less than 0.4 dB when the 
wavelength of the optical signal is between 1500 and 1600 nm. In one such embodiment, the 
grating is configured to diffract an optical signal having a wavelength between 1530 and 
1565 nm with a polarization-dependent loss less than 0.04 dB. 

15 

According to embodiments of the invention, the diffraction grating is 
fabricated by forming two sets of parallel trenches in a crystal surface, one made with a 
crystalline-independent etching technique and the other made with a crystalline-dependent 
chemical etchant. The intersection of the two sets of trenches removes material from the 
20 crystal surface to produce an etched crystal surface that can be coated with a reflective 
material to form the diffraction grating or can be used as a master for batch fabrication of 
diffraction gratings. 

In a particular embodiment, the first set of parallel trenches is initially formed 
25 perpendicularly from a surface of a silicon wafer. This set of trenches is then filled with a 
sacrificial material that also coats the surface of the wafer. The sacrificial material is 
subsequently patterned lithographically to expose the underlying wafer, with the crystalline- 
dependent chemical etchant being applied at the exposed portions. The deposited sacrificial 
material acts as an etch stop to the chemical etchant. Appropriate techniques for forming the 
30 first set of parallel trenches include reactive ion etching, deep reactive ion etching, and ion 
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milling. Appropriate crystalline-dependent chemical etchants that preferentially stop etches 
along [1 1 1] orientations include KOH, hydrazine, and ethylene diamine pyrocatechol. 

In another embodiment, plurality of parallel trenches are formed in a crystal 
5 surface with a crystalline-independent technique. Sacrificial material is deposited in each of 
the plurality of trenches, with some of the sacrificial material also being deposited on the 
crystal surface. The excess sacrificial material is removed from the crystal surface, such as 
by chemical and mechanical polishing (CMP). Subsequently, the crystal surface is exposed 
to a crystalline-dependent etchant. The resulting structure may be used for fabrication of the 
10 diffraction grating. Alternatively, the remaining sacrificial material may be removed from 
the structure before finalizing the grating fabrication. 

BRIEF DESCRIPTION OF THE DRAWINGS 

15 A further understanding of the nature and advantages of the present invention 

may be realized by reference to the remaining portions of the specification and the drawings 
wherein like reference labels are used throughout the several drawings to refer to similar 
components. 

20 Fig. 1 (a) illustrates a right-apex-angle diffraction grating; 

Fig. 1(b) illustrates the shape of a diffraction grating according to a full- 
sawtooth embodiment of the invention; 

Fig. 1(c) illustrates a the shape of a diffraction grating according to a 
truncated-sawtooth embodiment of the invention; 
25 Fig. 2 shows results of numerical simulations of diffraction efficiency profiles 

for a full-sawtooth embodiment in S and P polarization configurations; 

Fig. 3 shows results of numerical simulations of diffraction efficiency profiles 
for a truncated-sawtooth embodiment in S and P polarization configurations; 

Fig. 4(a) shows numerical results for the efficiency in S and P polarization 
30 configurations for a full-sawtooth grating as a function of blaze angle; 

Fig. 4(b) shows numerical results for the efficiency in S and P polarization 
configurations for a truncated sawtooth grating as a function of blaze angle; 
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Fig. 5 shows the variation in optimal blaze angle as a function of groove 
density for a full-sawtooth diffraction grating; 

Fig. 6 shows the variation in efficiency in S and P polarization configurations 
for a full-sawtooth grating as a function of the angle of incidence of the optical signal; 

Fig. 7(a) shows results of numerical simulations of diffraction efficiency for a 
truncated-sawtooth embodiment in an S polarization configuration as a function of triangle 
groove height; 

Fig. 7(b) shows results of numerical simulations of diffraction efficiency for a 
truncated-sawtooth embodiment in a P polarization configuration as a function of triangle 
groove height; 

Fig. 8 shows the variation in efficiency in S and P polarization configurations 
for a full-sawtooth grating at optimal blaze angle as a function of groove density; 

Fig. 9 shows the effect on efficiency in S and P polarization configurations of 
allowing the support walls to connect with the substrate non-normally; 

Fig. 10(a) shows results of numerical simulations of diffraction efficiency for 
a truncated-sawtooth embodiment appropriate for use in second order in an S polarization 
configuration as a function of trench width; 

Fig. 10(b) shows results of numerical simulations of diffraction efficiency for 
a truncated-sawtooth embodiment appropriate for use in second order in a P polarization 
configuration as a function of trench width; 

Fig. 11 shows results of numerical simulations of diffraction efficiency in S 
and P polarizations as a function of trench width for a truncated-sawtooth embodiment with a 
facet angle of 55.8° appropriate for use in second order; 

Fig. 12 shows results of numerical simulations for the average polarization 
efficiency as a function of wavelength and groove depth for a truncated-sawtooth 
embodiment with a facet angle of 55.8° appropriate for use in second order, 

Fig. 13 shows results of numerical simulations for the polarization-dependent 
loss as a function of wavelength and groove depth for a truncated-sawtooth embodiment with 
a facet angle of 55.8° appropriate for use in second order, 

Fig. 14 shows results of numerical simulations for both the average efficiency 
and polarization-dependent loss as a function of wavelength for a truncated-sawtooth 

embodiment with a facet angle of 55.8° appropriate for use in second order; 

6 
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Fig. 15 shows the steps performed in one embodiment to fabricate the 
diffraction grating: part (a) shows a crystal surface with a normal that defines an angle y with 
respect to the [110] crystallographic direction; part (b) shows the formation of a first set of 
trenches using a crystalline-independent etching technique; part (c) shows the result of the 
depositing sacrificial material on the etched crystal surface; part (d) shows exposure of the 
underlying crystal surface at specific locations; part (e) shows the result of applying a 
crystalline-dependent chemical etchant at the exposed locations; and part (f) shows the 
resulting structure after dissolving the sacrificial material and agitating; and 

Fig. 16 shows the steps performed in another embodiment to fabricate the 
diffraction grating: part (a) shows a crystal surface with a normal that defines an angle y 
with respect to the [1 10] crystallographic direction; part (b) shows the formation of a first set 
of trenches using a crystalline-independent etching technique; part (c) shows the result of 
depositing sacrificial material on the etched crystal surface; part (d) shows the result of 
chemical and mechanical polishing to remove the sacrificial material from the crystal surface; 
part (e) shows the result of subsequently exposing the crystal to a crystalline-dependent 
chemical etchant; and part (f) shows the resulting structure after removal of the remaining 
sacrificial material. 

DESCRIPTION OF THE SPECIFIC EMBODIMENTS 



L Introduction 

The following description sets forth embodiments of a diffraction grating that 
simultaneously achieves high efficiency in multiple polarization states for a high groove 
density at optical telecommunications wavelengths. Embodiments of the invention can thus 
be used with a wavelength router to achieve the goals of optical networking systems. 



The general functionality of one such optical wavelength router that can be 

used with embodiments of the invention is described in detail in the copending, commonly 

assigned United States Patent Application, filed November 16, 1999 and assigned Serial No. 

09/442,061, entitled "Wavelength Router," which is herein incorporated by reference in its 

entirety, including the Appendix, for all purposes. As described therein, such an optical 

7 
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wavelength router accepts light having a plurality of spectral bands at an input port and 
selectively directs subsets of the spectral bands to desired ones of a plurality of output ports. 
Light entering the wavelength router from the input port forms a diverging beam, which 
includes the different spectral bands. The beam is collimated, such as by a lens, and directed 
to a diffraction grating that disperses the light so that collimated beams at different 
wavelengths are directed at different angles. The high efficiency achieved by the diffraction 
grating in multiple polarization states translates directly into improved efficiency in operation 
of the wavelength router. Other uses for the diffraction grating where high efficiency is 
desirable in multiple polarization states will be similarly evident to those of skill in the art. 

» 

2. Diffraction of Optical Signals 

Demultiplexing of an optical signal that contains a plurality of signals at 
different wavelengths may be accomplished with a diffraction grating with appropriately 
sized and shaped diffraction grooves. An example of such a demultiplexing diffraction 
grating is illustrated in Fig. 1(a). When illuminated at an angle a from the normal, the 
grating 100 directs light with wavelength X toward angle p in accordance with the formula 
mX = rf(sin a ± sin ff), 

where mis an integral order of interference and d is the grating period. The manner in which 
incident light will be distributed among the various orders of interference depends on the 
shape and orientation of the groove sides and on the relation of wavelength to groove 
separation. When X , diffraction effects predominate in controlling the intensity 
distribution among orders, but when d > X , optical reflection from the sides of the grooves is 
more strongly involved. 

Diffraction gratings 100 are manufactured classically with the use of a ruling 
engine by burnishing grooves with a diamond stylus in a substrate 120 or holographically 
with the use of interference fringes generated at the intersection of two laser beams. For high 
dispersion with operational wavelengths in the range 1530 - 1570 nm, commonly used in 
optical telecommunications applications, a line density (= lid) between about 700 and 1 100 
faces/mm is desirable. Current efforts may extend the operational wavelength range for 

8 
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optical telecommunications applications by about 30 nm on either end of the 1530 - 1570 
range. • It is further possible to "blaze" a grating by ruling its grooves to produce multiple 
reflective faces 1 12 that reflect a large fraction of the incoming light of suitably short 
wavelengths in one general direction. In general, a blazed grating has been understood to 
5 refer to one in which the grooves of the diffraction grating are controlled so that the reflective 
faces 112 form one side of right-apex triangles 110, inclined to the substrate surface with an 
acute blaze angle** . Obtuse apex angles up to -110° are sometimes present in blazed 
holographic gratings. 

10 High efficiency is achieved when blazed grating groove profiles are prepared 

in the Littrow configuration, in which incident and diffracted rays are autocollimated so that 
a = /1=0 b . In this Littrow configuration, the diffraction equation for blaze angle 6 b thus 
takes the simple form 

sm 0k — — • 
* 2d 

15 For a Littrow grating with line density 1/d 900 faces/mm, the preferred blaze angle at 
telecommunications wavelengths is 6 b 44.2' (i.e. the blaze wavelength in first order is 
\ = 2d sin 6 b 1550 nm). With this configuration, however, significant differences are 
found in the reflection efficiencies for different polarization states. In particular, the 
diffraction efficiency for an S polarization state (also described as a TM polarization state), in 

20 which the electric field is polarized orthogonal to the grating grooves, is >90%. Typically, 
however, there is only 30 - 50% efficiency for a P polarization state (also described as a TE 
polarization state), in which the electric field is polarized parallel to the grating grooves. 
This relatively poor diffraction efficiency for the P polarization state is a consequence of 
boundary conditions imposed on the electric field as it propagates parallel to the groove edge 

25 in the grating. 

i TTi P li--Rffi c iencv Polarization-In^ ^^rtent Reflective Diffraction Orating 

Fig. 1(b) illustrates a first set of embodiments of the invention (referred to 
30 herein as the "full-sawtooth" embodiments), which provide a high diffraction efficiency for 

9 
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optical signals at telecommunications wavelengths in both S and P polarization states. The 
grating of these embodiments may be used in first order. In the specific full-sawtooth 
embodiment illustrated in Fig. 1(b), the diffraction grating 150 includes multiple reflective 
faces 162 formed in a substrate 170, each inclined at blaze angle 9 b to the substrate surface. 
Each reflective face 162 is supported by a support wall 164 that is connected substantially 
normal with the substrate 170. As a result, the diffraction grating 150 has a sawtooth 
configuration formed in the substrate 170 from multiple right-base triangular protrusions. 

In the illustrated embodiment, each of the reflective faces 162 is equally 
) spaced along the surface of the substrate 170, with each reflective face 162 extending through 
a full spacing period. The full-sawtooth embodiment is characterized by the absence of 
exposure of the substrate 170 at the base of the triangles 210 to incident light — the support 
wall 164 supporting each reflective face 162 is also connected to the adjacent reflective face. 
In alternative embodiments of the full-sawtooth configuration, the reflective faces 162 are not 
5 equally spaced. High reflectivity of the reflective faces 162 is achieved in one embodiment 
by coating the diffraction grating 150 with gold. In alternative embodiments, different 
reflective coatings, such as aluminum, are used. Further, although Fig. 1(b) shows the 
grating to be configured on a flat substrate 170, the invention more generally includes the use 
of curved substrates. 



While the grating configuration shown in Fig. 1(a) with right-apex triangles 

110 permits reflection of incident light from the side of the triangle 1 10 opposite the blaze 

angle 9b, the fiill-sawtooth configuration using right-base triangles 160 shown in Fig. 1(b) 

substantially restricts reflection to be from the reflective faces 162. As a result, there is a 

25 significant reduction in boundary effects for P-polarized fight as the electric field passes the 

apex of one triangle 160 and reflects off the adjacent reflective face 162. More generally, the 

support wall 164 is connected non-normally with the substrate 170, preferably forming an 

obtuse angle so that the characteristic of limiting reflection of incident fight essentially only 

off the reflective faces 162 and not off the support walls 164 is maintained (see discussion 

30 below with regards to Fig. 9). The blaze angle 0 b at which the reflective faces 162 are 

inclined to the substrate surface is preferably in the range 50 - 70°, most preferably in the 

range 50 - 60°. At a grating density lid = 900 faces/mm, which is a suitable value for the 

10 
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1530 - 1570 nm wavelength used for optical telecommunications signals, this is preferahly 
9 54.0* . At this blaze angle, the product of the diffraction efficiencies in the S and P 
polarization configurations is maximized, as discussed below in the context of Fig. 4(a). This 
blaze angle is essentially different from <p = sin" 1 XI Id (= 43.5 - 45.0°), the angle of 
5 incidence at which the grating efficiency is maximized. Thus, maximal grating efficiency for 
the invention is achieved substantially away from the Littrow condition. 

A second set of embodiments of the invention (referred to herein as the 
"truncated-sawtooth" embodiments) is illustrated in Fig. 1(c). In these embodiments, which 
1 0 may also be used in first order, the steep notch of the full-sawtooth embodiments is 

eliminated. In the particular truncated-sawtooth embodiment illustrated in Fig. 1(c), the 
diffraction grating 200 includes a plurality of reflective faces 212 each oriented at blaze angle 
6 b with respect to a surface of the substrate 220. Each such reflective face 212 is supported 
by a support wall 214 that is substantially normally connected with the surface of the 
1 5 substrate. Accordingly, the diffraction grating 200 has a configuration that uses multiple 
right-base triangles 21 0, thereby sharing the advantage of the full-sawtooth configuration in 
which the normal orientation of the support walls 214 mitigates boundary effects for P- 
polarized light as the electric field of the light passes the apex of one triangle 210 and reflects 
off an adjacent reflective surface 212. More generally, the support walls 214 connect with 
20 the substrate 170 non-normally, preferably forming an obtuse angle so that the characteristic 
of limiting reflection of incident light essentially only off the reflective faces 162 and not off 
the support walls 164 is maintained. 

Such truncated-sawtooth embodiments may be characterized by recognizing 
25 that each reflective face has an extent such that its orthogonal projection on the substrate is 
less than the average separation between the reflective faces. Thus, a trench is defined 
between each support wall and the reflective face subsequent to that support wall. In these 
embodiments, in addition to the blaze angle 0b and line density 1/d, the grating may be 
characterized by the trench width s and groove depth r, both of these quantites being defined 
30 in the figure, subject to the constraint 
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While the full-sawtooth embodiments had no exposure of the substrate 170 at 
the base of the triangles 160, the truncated-sawtooth embodiments permit such exposure. In 
5 particular, surface portions 216 of the substrate 220 are exposed. The effect of permitting 
such exposure allows reduced altitude of right triangles 210. It is evident, however, that the 
full-sawtooth configuration is a limiting case of the truncated-sawtooth configuration as the 
altitude of the triangles is increased. For a grating density l/d = 900 faces/mm, this limit is 
approached with a triangle altitude of approximately 1635 nm. 

10 

In one truncated-sawtooth embodiment, illustrated in Fig. 1(c), each of the 
reflective faces 212 is equally spaced along the surface of the substrate 220. In alternative 
embodiments such spacing may be irregular. Also, Fig. 1(c) shows each reflective face 212 
extending through substantially half of the spacing period, although other fractions of the 
15 spacing period may also be used. In the illustrated embodiment, the blaze angle 0 b is also 
preferably in the range 50 - 70°, most preferably in the range 50 - 60°. At optical 
telecommunications wavelengths, 1530 - 1570 nm, with a grating density l/</ = 900 
faces/mm, this is preferably 0 b = 55.8 °. Again, this optimal blaze angle corresponds to the 
angle at which the product of diffraction efficiencies in the S and P polarization 
20 configurations is maximized, as discussed in the context of Fig. 4(b) below. As for the 
embodiment illustrated in Fig. 1(b), the maximal efficiency for the grating is achieved 
substantially away from Littrow conditions since this blaze angle is essentially different from 
<p m sin" 1 XI 2d (= 43.5 - 45.0°), the angle of incidence at which the grating efficiency is 
maximized. Also, as for the first embodiment, the substrate 220 is shown to be flat only for 
25 illustrative purposes. More generally, the invention includes the use of a curved substrate. 

Additionally, various reflective materials may be used and may be differently 
applied in various embodiments. For example, in one embodiment, the entire diffraction 
grating 200 is coated with gold. In alternative embodiments, different reflective coatings, 
such as aluminum, are used. 
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4, Diffraction Efficiency of the Specific Embodiments 

Various properties of the embodiments described above may be understood by 
5 examining the diffraction efficiency achieved by the gratings in various circumstances. The 
diffraction efficiency of a diffraction grating is generally a function of the wavelength of the 
optical signal to be diffracted, and is defined as the ratio of the energy of the diffracted wave 
to the energy of the incident wave: E = £ 0 ut/£in. As a rough approximation, for Littrow 
gratings the maximum efficiency is expected at the blaze wavelength X b with a 50% reduction 
10 at 0.7 and 1 .8 A*,. For telecommunications applications the range in wavelengths, 1530 - 
1570 nm (i.e. 1550 ± 1.3%), is considerably more narrow so that only relatively small 
variations in efficiency are expected as a function of wavelength. Furthermore, the efficiency 
in higher orders is expected to follow the general shape of the first-order efficiency curve, 
although the maximum efficiency generally decreases for each such higher order. Results for 
15 gratings in which the line density is configured for use in higher orders are discussed below. 

Accordingly, Fig. 2 shows the results of calculations of a diffraction efficiency 
profile in both the S and P polarization configurations for the diffraction grating shown in 
Fig. 1 (b) over a wavelength range of 1530-1570 nm. A similar plot is produced in Fig. 3 
20 for the diffraction grating shown in Fig. 1(c). To evaluate the level of uncertainty of the 

results, the calculations were performed with two commercially available software packages: 
G-Solver (solid lines) and PC-Grate (dashed lines). For the calculations discussed below, 
PC-Grate and G-Solver have generally agreed within about 3% efficiencies, without any 
observable trend of one estimating higher efficiencies than the other. 

25 

Over the entire optical telecommunications wavelength range, the.diffraction 
efficiency exceeds 85% for both S and P polarizations for both the illustrated full-sawtooth 
and truncated-sawtooth configurations, with approximately less than a ±2% variation over the 
wavelength range for any given polarization. The explicit comparison of the two numerical 
30 packages in Figs. 2 and 3 highlights their close agreement, with differences no greater than 
about 3%. Considering the wavelength range of interest and both numerical programs, it can 
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be seen that the invention produces a high diffraction efficiency that is substantially 
independent of polarization. For the particular fall-sawtooth embodiment illustrated in Fig. 
1(b), that polarization-independent efficiency is 90 ± 4%. The efficiency is even greater for 
a truncated-sawtooth embodiment with 9 b = 55.8° and triangle altitude (height of support wall 
5 214) equal to 1 3 10 nm. In that embodiment, the efficiency is 94 ± 4%, i.e. greater than 90% 
everywhere. 

In Fig. 4(a) and Fig. 4(b), an illustration is made of how the numerically 
calculated diffraction efficiency is used to determine the optimal blaze angle. For the fiill- 

10 sawtooth embodiment, for example, Fig. 4(a) shows the variation in efficiency for both the S 
and P polarization configurations as a function of blaze angle as calculated with the G-Solver 
package. For these calculations, a grating density l/d = 900 faces/mm was used with an 
angle of incidence for a 1550-nm optical signal of 9 = 45°. As described above, this 
particular incident angle q> is approximately the angle dictated by the Littrow condition. The 

15 optimal blaze angle is the angle where the curves for the S and P polarization intersect, i.e. 
where the product of the two efficiencies is maximized. For the full-sawtooth embodiment, 
this is seen to occur at 0 b = 54.0°. Similarly, Fig. 4(b) shows the efficiencies for S and P 
polarizations for a truncated-sawtooth embodiment with triangles having an altitude equal to 
80% of the maximum possible altitude. Again, the calculations were performed for a grating 

20 with grating density l/d » 900 faces/mm and a 1 550-nm optical signal incident at cp = 45°. 
For this grating, the curves cross at the optimal blaze angle 9b = 55.8°. 

Results are summarized in Fig. 5 of the optimal blaze angle 8 b for a grating in 
the full-sawtooth embodiment. The calculations were again performed using the G-Solver 
25 package and show how the optimal blaze angle varies as a function of the grating density l/d. 
The calculations were performed for an incident optical signal with wavelength % = 1550 nm 
and the incident angle was determined from the Littrow condition for each groove density 
plotted. The general trend, with the blaze angle increasing monotonically as a function of 
grating density, is as expected. 

30 

The effect of moving the incident angle away from the Littrow condition is 

illustrated in Fig. 6. The results of calculations for a full-sawtooth grating using the G-Solver 
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package are shown. The diffraction efficiency was calculated in both S and P polarization 
configurations for an optical signal with wavelength X= 1550 nm onto a grating blazed at 6b 
= 54.0° with grating density lid = 900 faces/mm. The preferred incident angle defined by the 
Littrow condition is <p = 44.2°. While the S-polarization efficiency varies little around this 
5 angle, dipping even slightly, the P-polarization efficiency shows a clearly defined maximum 
at this angle such that the total efficiency is maximized at this incident angle. Although not 
shown, similar results are also obtained when a truncated-sawtooth grating is used with its 
optimal blaze angle* 

10 The variation in efficiency for the truncated-sawtooth embodiments for the S 

and P polarization states is shown respectively in Figs. 7(a) and 7(b) as a function of the 
height of support wall 214. The illustrated results were calculated for a blaze angle 6 b = 
55.8° for light incident at <p = 45° with PC-Grate, although similar results are obtained with t 
the G-Solver package. As can be readily seen, the S-polarization efficiency has two local 

15 maxima and the P-polarization efficiency exhibits asymptotic behavior. Accordingly, the 
preferred triangle altitude for the truncated-sawtooth configuration is at the second peak in 
the S-polarization efficiency, i.e. near 1310 nm. 

Fig. 8 shows that the diffraction efficiency of both S and P polarization states 
20 is also dependent on the grating density lid. The calculations were performed with the G- 
Solver package for a full-sawtooth grating with optimal blaze angle 6b. The incident optical 
signal had wavelength X and was incident at the angle defined by the Littrow condition. To 
achieve a diffraction efficiency greater than 90% simultaneously for both the S and P 
polarizations, it is preferable that the grating density lid be between 700 and 1 100 faces/mm. 
25 More preferably, the grating density is between 800 and 1000 faces/mm. 

The numerical results presented in Figs. 2-8 were calculated for diffraction 

gratings that have the support walls connected with the substrate substantially normally. Fig. 

9 shows that when the angle at which the support wall connects with the substrate (the "back 

30 angle'*), is acute, the efficiency of the P-polarization configuration decreases sharply. The 

calculations were performed with the G-Solver package for a full-sawtooth grating having a 

grating density lid of 900 faces/mm and ablaze angle 9 b of 54.0°. As the figure shows, a 
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decrease of the back angle from 90° results directly in a significant decrease in P-polarization 
diffraction efficiency. A decrease of the angle by about 10° causes an efficiency decrease of 
about 10%. While the S-polarization diffraction efficiency shows some improvement in the 
region between about 82 and 84°, it too drops off for more acute angles. If the back angle is 
obtuse, the diffraction efficiency is expected to be the same as it is for a right back angle 
since the reduction in boundary effects for P-polarized light is maintained. Accordingly, it is 
preferred that the back angle be approximately > 90°. 

5. Gratings for use in Higher Interference Orders 

At telecommunications wavelengths, the grating embodiments described 
above are appropriate for use in at least the first order of interference. More generaly, 
however, the resolving power of the grating is mN 9 where m is the order of interference and N 
is the number of grooves in the grating. Thus, in accordance with further embodiments, a 
grating is provided for use in nonunity orders of interference m by decreasing the line density 
to 1/m times the line density used for first order. As before, for high dispersion with 
wavelengths for optical telecommunications applications in the range 1530 - 1570 nm, a 
value of mid between about 700 and 1100 faces/mm is desirable. Thus, for example, for a 
grating configured to be used in second order (pi = 2), a line density of lid between 350 and 
550 faces/mm is appropriate for optical telecommunications wavelengths. 

The manner in which light reflected from a diffraction grating is distributed 
among the different orders of interference is determined by the shape and orientation of the 
reflective faces. Thus, numerical calculations exhibiting the properties of a grating for use in 
second order are shown in Figs. 10 - 14. The calculations were performed with the software 
package PC-Grate for a truncated-sawtooth grating as shown in Fig. 1(c) with a line density 
lid - 450 faces/mm, which is midway within the range of 350 - 550 faces/mm appropriate 
for second order. For each figure, the incident angle for the optical signal was 9 = 45°. . 

Figs. 10(a) shows the S-polarization diffraction efficiency in second order for 

a truncated-sawtooth embodiment where the wavelength of the incident optical signal is X = 

1545 nm. The results are presented as a function of the trench width s between 0.4 and 0.8 
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fun for five different values of the blaze angle 9 b = 52.5°, 54.0°, 55.8°, 56.4°, and 57.0°. 
There are two features that are relevant to assessing the effectiveness of the grating. First, the 
peak in S-polarization efficiency is achieved for increasing trench width s as the blaze angle 
is increased. Second, the value of that peak efficiency is maximized for a blaze angle of 
0 b 55.8°, the same optimal blaze angle determined for a 900 faces/mm grating in first order. 

A similar dependence for the P-polarization diffraction efficiency in second 
order is shown in Fig. 10(b). The P-polarization efficiency is approximately flat over the 
range in trench widths shown in Fig. 1 0(a) for the S-polarization efficiency, dropping off at 
about s = 0.6 nm. Combining the results from Figs. 10(a) and 10(b), an optimal blaze angle 
is found to be approximately 55.8°. Accordingly, Fig. 1 1 reproduces the results from Figs. 
10(a) and 10(b) for 9 b = 55.8°. It is evident from the figure that at this blaze angle, diffraction 
efficiencies in both the S and P polarizations may simultaneously be kept above 90% when 
the trench width s is between about 0.50 and 0.70 pm. 

Fig. 12 summarizes the average of diffraction efficiency results for the S and P 
polarizations, simultaneously illustrating the dependence on the signal wavelength X and the 
groove depth t. As the figure illustrates, the average efficiency may be maintained above 
90% over a wavelength range between 1530 and 1560 nm for groove depths up to 2400 nm 
and at least as low as 2300 nm. For wavelengths near the higher end of the range, the 
average efficiency may be maintained above 94% for groove depths between 2300 and 2400 
nm. Using the relationship relating the groove depth, trench width, blaze angle, and line 
density, where the line density is lid - 450 faces/mm and the blaze angle is 8b = 55.8°, a 
trench width of s - 0.63 |xm (where the S-polarization efficiency is maximized) corresponds 
to a groove depth of t = 2340 nm, and the maximum groove depth of t = 2600 nm shown in 
Fig. 12 corresponds to a trench width of s = 0.45 jim. 

Fig. 13 illustrates similar results for the polarization-dependent loss achieved 
with a grating having the same characteristics as that used for Fig. 12: a line density of lid = 
450 faces/mm, a blaze angle of 9b - 55.8°, and an incident signal angle of <p = 45°. 
Polarization-dependent loss results from the fact that the efficiency of the diffraction grating 
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depends on the polarization state of the incident light The electric field E of an arbitrarily 
polarized incident optical signal may be written as a superposition of two electric fields 
linearly polarized along two orthogonal axes p and s , corresponding respectively to P and S 
polarization directions, i.e. parallel and perpendicular to the plane of incidence: 
5 E = £„p + £,s. 

The intensity I 0 of the incident signal is defined by the strength of the electric field along the 
orthogonal directions: 

where s and // respectively denote the permittivity and permeability of the medium. To 
10 simplify the discussion, omits are chosen in which e = 4// so that the coefficient relating the 
intensity and squared electric field is unity. The diffraction efficiency is governed by 
independent efficiency coefficients E in the orthogonal polarization directions such that the 
electric field E' of the signal reflected by the grating is 
E' = -^2?,p-V^V 

1 5 with total intensity 

It is thus evident that the intensity of a signal purely S or P polarized is reflected by the 
diffraction grating with an intensity dependent only on the efficiency coefficient for that 
direction: 

Since in general E p *E s9 there may be large variability in the overall efficiency as a function 
of the polarization state of the incident signal. 

Fig. 13 shows the degree of loss attributable to this polarization dependence in 
25 decibels as a function both of signal wavelength and trench depth. For all wavelengths in the 
range 1530 - 1560 nm, the polarization-dependent loss is less than 0.4 decibels for a groove 
depth / < 2600 nm. Of particular note is a trench in the profile at / 2500 nm where the 
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polarization-dependent loss is everywhere less than about 0.04 decibels. Thus, diffraction 
gratings configured in accordance with embodiments of the invention permit low 
polarization-dependent losses at optical telecommunications wavelengths. Such low 
polarization-dependent loss characteristics may be achieved simultaneously with high 
diffraction efficiencies in both S and P polarizations. . 

Fig. 14 provides a comparison of the diffraction efficiency and polarization- 
dependent loss over a wavelength range of 1500 - 1600 nm for two different configurations 
of the diffraction grating. In both instances, the grating is configured for use in second order 
with a grating density l/d of 450 faces/mm, with 0 b » 55.8° and the optical signal incident at 
q> = 45°. In the first instance, the grating has a constant trench width of s = 528 nm 
(corresponding to a groove depth of t = 2485 nm) and, in the second instance, the grating has 
a constant trench width of s = 533 nm (corresponding to a groove depth of / = 2493 nm). The 
general behavior of the diffraction efficiency is the same in both cases, with the average of 
efficiencies for the S and P polarizations increasing monotonically from about 80% at X = 
1500 nm to about 94% at X = 1600 nm. The polarization-dependent loss includes a 
minimum, which shifts from about X = 1 525 nm at a trench width of s = 528 nm up to about X 
= 1545 nm at a trench width of s = 533 nm. 

Each of the different embodiments maybe preferable for different 
applications. For example, when the trench width is s « 533 nm, it is possible to maintain 
average efficiency over 85% over the wavelength range X = 1530 - 1570 nm while 
simultaneously keeping the polarization-dependent loss under about 0.08 dB. For 
applications where it is desirable to use the diffraction grating over the larger range X = 1500 
- 1600 nm, a configuration with a trench width of s = 528 nm provides an average efficiency 
everywhere greater than 80% and a polarization-dependent loss everywhere less than 0.15 
dB. 

6. Grating Fabrication Process 

A process in accordance with embodiments of the present invention for 

fabricating diffraction gratings with the characteristics described above is illustrated in Fig. 
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15. The process combines both crystalline-independent and crystalline-dependent etching 
techniques while exploiting the crystalline characteristics of appropriate materials. 
Techniques that rely solely on crystalline-dependent etching techniques, such as described in 
U.S. Pat. No. 4,330,175, filed July 17, 1979byFujii et aL, which is herein incorporated by 
5 reference for all purposes, can only produce grating profiles narrowly limited by the 

crystallographic structure of the material used. The combination of crystalline-independent 
and crystalline-dependent techniques in accordance with the present invention permit the 
grating pitch and angle to be varied independently. 

10 As shown in Fig. 15(a), the process begins with a suitable crystal surface 500 

having a surface normal inclined at a tilt angle y from an etch direction, such as from the 
[110] direction when the crystal surface is a silicon surface, where the notation \jkl\ is used to 
denote the usual Miller indices. In one embodiment the crystal surface is a wafer. The tilt 
angle y of the starting crystal surface 500 is chosen to be complementary to the desired blaze 

15 angle G b of the final diffiraction grating. Thus, for embodiments of the grating with a blaze 
angle in the approximate range 54° < 0 b < 56°, the tilt angle is in the approximate range 34° < 
y < 36°. Silicon is one material with crystallographic properties that permit such tilt angles 
and can be used with the combined crystalline-independent and crystalline-dependent etching 
process of the invention, although the use of any alternative material with suitable crystalline 

20 structure is also within the scope of the invention. In certain alternative embodiments, EQ-V 
or H-VI semiconductor materials such as GaAs, InP, or ZnSe may be used instead of a 
Group-IV semiconductor material. 

A series of vertical trenches 510 are etched into the crystal surface 500, as 
25 shown in Fig. 15(b). The spacing of the trenches corresponds to the spacing of reflective 

faces in the resulting diffraction grating; accordingly, equally spaced vertical trenches 510 are 
etched for those embodiments in which a diffraction grating having equally spaced reflective 
faces is produced. The etching technique used to produce the vertical trenches 510 is a 
crystalline-independent technique, in the sense that its etch activity is irrespective of the 
30 crystalline structure of the starting crystal surface 500. One appropriate technique for 

producing the vertical trenches 510 is to identify the trench locations lithographically and 
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then apply vertical reactive ion etching ("RIE"), a technique in which positively charged ions 
are accelerated towards the crystal surface 500. Alternative crystalline-independent 
techniques also suitable for etching the vertical trenches 510 include ion milling and deep 
RIB ("DRIE"). Both the vertical RIE and ion-milling techniques produce vertical trenches 
510 with substantially straight walls. DRIE produces a trench with a characteristic inwards 
scalloping of the walls. Use of DRIE in this step results in a diffraction grating where the 
support walls 164 include this inwards scalloping feature; since the side walls are not 
optically important for the grating, such scalloping is not objectionable. 

The etched crystal surface is subsequently coated with a sacrificial layer 515 
as shown in Fig. 15(c). The sacrificial layer 515 is deposited so that it fills the bottoms of the 
vertical trenches 510, where it is used to prevent excessive etching of the crystal surface in 
the crystalline-dependent etch step described below (Fig. 15(e)). Those of skill in the art will 
appreciate that if the aspect ratio of the vertical trenches 510 is large, as may be desirable to 
limit the size of the mesas 525 described below, voids may form in the sacrificial layer 515 
within the vertical trenches 510 during deposition. Such voids do not significantly affect the 
process adversely provided there is sufficient material at the bottom of the trenches to 
terminate the crystalline-dependent etch step (Fig. 15(e)). Appropriate materials for the 
sacrificial layer include oxides or nitrides such as Si0 2 or S13N4. 

The sacrificial layer 515 is subsequently patterned by etching it at locations 
that define the extent of the diffraction gratings reflective faces. In the illustration in Fig. 
15(d), the etched portions 518 of the sacrificial layer 515 are formed adjacent to the vertical 
trenches 510. The depth of the vertical trenches 510 formed during the crystalline- 
independent etch (Fig. 15(b)) and the positions of the etched portions 518 of the sacrificial 
layer 515 are constrained so that they define parallel segments inclined with respect to the 
crystal surface. The specific portions of the sacrificial layer 515 are etched with any 
appropriate lithographic and etching technique, for example by using photoresist and RIE. 

In Fig. 15(e) the effect of applying a crystalline-dependent etch through the 

patterned sacrificial layer 515 is shown. By using an etchant that preferentially etches along 

[110] orientations and not along [111] orientations, inclined trenches 520 are formed in the 
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crystal. A suitable crystalline-dependent chemical etchant is KOH, which has an etching 
ratio between the [1 10] and [111] orientations that exceeds 600. The structure of a material 
such as silicon includes many crystallographic planes, leading to a concern that there may be 
interference with other of such planes when the crystalline-dependent etch is applied. The 
5 inventors have recognized, however, that with the particular crystallographic structure of 
silicon and similarly structured materials, the etching can be limited to the desired [1 10] 
orientations. As a result, the inclined trenches 520 are etched with negligible etching in 
undesirable directions. Alternative crystalline-dependent chemical etchants that may also be 
used with a silicon crystal in accordance with the invention include hydrazine and ethylene 
10 diamine pyrocatechoL The activity of the chemical etchant is stopped when it encounters the 
sacrificial layer 515 deposited within the vertical trenches 510. 

After completion of the crystalline-dependent etching step, the crystal surface 
500 is exposed to an etchant that dissolves the sacrificial layer and is agitated to release the 

15 remaining sacrificial layer portions and unattached pieces of the surface that may be 

discarded. The profile of the resulting micromachined crystal surface 500' is shown in Fig. 
15(f). This micromachined crystal surface 500' may be used directly to produce the 
diffraction grating or may be used as a master for replication of diffraction gratings. When 
used directly, the mesas 525 that result from the crystalline-independent etching step produce 

20 the truncated sawtooth profile shown in Fig. 1(c). When used as a master, the resulting 

diffraction grating (which has a profile inverted from the micromachined crystal surface 500 f ) 
has right-base triangles 160 that are truncated at the apex as a result of the mesas 525 in the 
master. Provided the size of this apical truncation is not too large, there are no significant 
adverse effects on the optical properties of the diffraction grating; the size of these mesas can 

25 be limited as desired by increasing the aspect ratio for the vertical trenches 510. Whether the 
micromachined crystal surface 500 1 is used directly or as a master, the grating is coated with a 
reflective overlay, such as gold, which may be adhered to the grating with an adhesion layer 
such as titanium or chrome. 

30 This specific etchant crystalline dependence is also used in alternative 

embodiments. In one such alternative embodiment, illustrated in Fig. 16, the initial steps are 

similar. First, as shown in Fig. 16(a), the process begins with a suitable starting crystal 
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surface 500 having a surface normal inclined at tilt angle \|/ from the [1 10] direction. As for 
the previous embodiment, a series of vertical trenches 540 are etched into the crystal surface 
500 with a crystalline-independent technique such as RGB [Fig. 16(b)]. A sacrificial material 
545, such as Si0 2 or Si 3 N 4 , is subsequently deposited so as to fill the trenches [Fig. 16(c)]. In 

5 this embodiment, however, the top of the sacrificial layer 545 overlying the crystal surface 
500 is removed substantially completely after the deposition step, producing the structure 
shown in Fig. 16(d). One technique that may be used to remove the material in this way is 
chemical and mechanical polishing (CMP). As can be seen in Fig. 16(d), this still leaves the 
material deposited within the vertical trenches 510 to act as an etch stop. Application of the 

10 chemical crystalline-dependent etch as shown in Fig. 16(e) acts as before to etch 

preferentially along [110] orientations and not along [111] orientations. Termination of the 
crystalline-dependent etch by the deposited sacrificial material 545 thus produces the inclined 
surfaces. Subsequent removal of the remaining sacrificial material 545 to produce the 
micromachined surface 500" shown in Fig. 16(f) is optional. Either the surface shown in Fig. 

15 16(e) or the surface shown in Fig. 16(f) may be used as described above to complete 
production of the diffraction grating. 

In another alternative embodiment, the sacrificial layer 515 is not deposited 
uniformly over the crystal surface 500; instead, such material is deposited within each of the 

20 trenches at a sufficient depth to act as an etch stop when the crystalline-dependent chemical 
etch is applied. In still another alternative embodiment, the crystal surface 500 is replaced 
with a silicon-on-insulator ("SOI") layered structure, in which an insulator layer (e.g., an 
oxide layer) lies intermediate between underlying bulk silicon and an overlying epitaxial 
silicon layer. The crystalline-independent etch of the vertical trenches 510 is performed 

25 down to the insulator layer. As before, the vertical trenches are protected by filling them with 
sacrificial material, and the process is otherwise performed as previously described. This 
embodiment simplifies etching the vertical trenches 510 to substantially equal depths. 

Use of a crystalline-dependent chemical etchant produces an atomically 
30 smooth surface along the inclined trench 520, a feature that is beneficial to the optical 

characteristics of the diffraction grating because the reflective faces 1 12 are formed on this 
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surface. Other techniques to form the reflective faces, such as ion-beam etching (as described 
in, e.g., U.S. Pat. No. 5,279,924, filed July 1, 1992 by Sakai et al, which is incorporated 
herein by reference for all purposes) fail to produce atomically smooth surfaces so that the 
optical characteristics of the diffraction grating are poorer. Another consequence of ion- 
beam etching, such as shown in Figs. 2-5 of U.S. Pat. No. 5,279,924, is an undesirable 
curvature of the grating profile at the intersection of the support walls and reflective faces. 

Having described several embodiments, it will be recognized by those of skill 
in the art that various modifications, alternative constructions, and equivalents may be used 
without departing from the spirit of the invention. Accordingly, the above description should 
not be taken as limiting the scope of the invention, which is defined in the following claims. 
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WHAT TS CLAIMED IS: 

1 1 . A diffraction grating for diffracting an optical signal of wavelength X 9 

2 the diffraction grating comprising: 

3 a substrate; 

4 a plurality of reflective faces oriented at respective blaze angles 9b 

5 spaced along a surface of the substrate at a grating density lid, wherein the blaze angles 9b 

6 substantially differ from the Littrow condition sin 0 b = X 1 2 d ; and 

7 a plurality of support walls positioned to support each of such 

8 reflective faces and connected with the surface of the substrate such that the optical signal is 

9 reflected essentially only off the reflective faces and not off the support walls. 

1 2. The diffraction grating according to claim 1 wherein the support walls 

2 are connected substantially normal with the surface of the substrate. 

1 3. The diffraction grating according to claim 1 wherein the support walls 

2 are connected with the surface of the substrate at an obtuse angle. 

1 4. The diffraction grating according to claim 1 wherein each of such 

2 blaze angles is within the range 50° < % < 70°. 

1 5 . The diffraction grating according to claim 1 wherein each of such 

2 blaze angles is within the range 50° < 9b < 60°. 

1 6. The diffraction grating according to claim 1 wherein such reflective 

2 faces are spaced along the substrate with grating density lid between 700 and 1 100 

3 faces/mm. 

1 7. The diffraction grating according to claim 1 wherein such reflective 

2 faces are spaced along the substrate with grating density lid between 800 and 1000 

3 faces/mm. 

1 8. The diffraction grating according to claim 1 wherein such reflective 

2 faces are equally spaced along the surface of the substrate at grating density ltd substantially 
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3 equal to 900 faces/mm without exposing the surface of the substrate and each of such blaze 

4 angles 0b is substantially equal to 54.0°. 

1 9. The diffraction grating according to claim 1 wherein such reflective 

2 faces are equally spaced along the surface of the substrate at grating density lid substantially 

3 equal to 900 faces/mm such that a portion of the surface of the substrate is exposed between 

4 each such reflective face and each of such blaze angles 9 b is substantially equal to 55.8°. 

1 10. The diffraction grating according to claim 9 wherein such support 

2 walls have an altitude between 1200 and 1400 inn. 

1 11. The diffraction grating according to claim 9 wherein such support 

2 walls have an altitude substantially equal to 1 3 1 0 nm. 

1 12. The diffraction grating according to claim 1 wherein each of the 

2 plurality of reflective faces is comprised of a reflective metal coating. 

1 13. The diffraction grating according to claim 1 2 wherein the reflective 

2 metal coating is gold. 

1 14. The diffraction grating according to claim 1 wherein the diffraction 

2 grating exhibits a diffraction efficiency exceeding 80% in any polarization direction when the 

3 optical signal has wavelength X in the range 1530-1 570 nm. 

1 15. The diffraction grating according to claim 1 wherein the diffraction 

2 grating exhibits a diffraction efficiency exceeding 90% in any polarization direction when the 

3 optical signal has wavelength X in the range 1530-1 570 nm. 

1 16. A method for diffracting an optical signal of wavelength 1, the method 

2 comprising: 

3 propagating the optical signal towards a plurality of reflective faces 

4 oriented at respective blaze angles 8 b spaced along a surface of a substrate at a grating density 

5 lid and supported by a plurality of support walls, wherein the blaze angles 9b substantially 

6 differ from the Littrow condition sin# 6 = /Lf 2d ; and 
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reflecting the optical signal essentially only off the reflective faces and 
not off the support walls. 

17. The method according to claim 1 6 wherein the support walls are 
connected substantially normal with the surface of the substrate. 

1 8. The method according to claim 1 6 wherein the support walls are 
connected with the surface of the substrate at an obtuse angle. 

1 9. The method according to claim 1 6 wherein each of such blaze angles is 
within the range 50° <8 b < 70°. 

20. The method according to claim 1 6 wherein each of such blaze angles is 
within the range 50° < 0b < 60°. 

21. The method according to claim 16 wherein such reflective faces are 
spaced along the substrate with grating density lid between 700 and 1100 faces/mm. 

22. The method according to claim 1 6 wherein such reflective faces are 
spaced along the substrate with grating density l/d between 800 and 1000 faces/mm. 

23. The method according to claim 16 wherein such reflective faces are 
equally spaced along the surface of the substrate at grating density 1/d'substantially equal to 
900 faces/mm without exposing the surface of the substrate and each of such blaze angles 9b 
is substantially equal to 54.0°. 

24. The method according to claim 16 wherein such reflective faces are 
equally spaced along the surface of the substrate at grating density l/d substantially equal to 
900 faces/mm such that a portion of the surface of the substrate is exposed between each such 
reflective face and each of such blaze angles 9b is substantially equal to 55.8°. 

25. The method according to claim 24 wherein such support walls have an 
altitude between 1200 and 1400 nm. 

26. The method according to claim 24 wherein such support walls have an 
altitude substantially equal to 1310 nm. 
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27. The method according to claim 16 wherein each of the plurality of 
reflective faces is comprised of a reflective metal coating. 

28. The method according to claim 27 wherein the reflective metal coating 

is gold. 

29. The method according to claim 16 wherein the optical signal is 
diffracted with an efficiency exceeding 80% in any polarization direction when the optical 
signal has wavelength X in the range 1530 - 1570 nm. 

30. The method according to claim 1 6 wherein the optical signal is 
diffracted with an efficiency exceeding 90% in any polarization direction when the optical 
signal has wavelength X in the range 1530 - 1570 nm. 

31. A method for making a diffraction grating that exhibits a diffraction 
efficiency exceeding 80% in any polarization direction when diffracting an optical signal 
having wavelength X in the range 1530 - 1570 nm, the method comprising: 

forming a plurality of reflective faces oriented at respective blaze 

5 angles 9b spaced along a surface of a substrate at a grating density lld 9 wherein the blaze 

6 angles 9 b differ substantially from the Littrow condition sin 9 h = X 1 2d ; and 

7 forming a plurality of support walls connected with the surface of the 

8 substrate and positioned to support each of the reflective faces. 

1 32. The method according to claim 31 wherein such reflective faces are 

2 equally spaced along the surface of the substrate at grating density lid substantially equal to 

3 900 faces/mm without exposing the surface of the substrate and each of such blaze angles 9b 

4 is substantially equal to 54.0°. 

1 33 . The method according to claim 3 1 wherein such reflective faces are 

2 equally spaced along the surface of the substrate at grating density lid substantially equal to 

3 900 faces/mm such that a portion of the surface of the substrate is exposed between each such 

4 reflective face and each of such blaze angles 9 b is substantially equal to 55.8°. 
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1 34. A diffraction grating for diffracting an optical signal of wavelength X 

2 in an interference order m higher than first order, the diffraction grating comprising: 

3 a substrate; and 

4 an arrangement of reflective faces oriented at respective blaze angles 9 b spaced 

5 along a surface of the substrate with an average separation d, each reflective face being 

6 supported by a support wall, wherein the blaze angles 6 b substantially differ from the Littrow 

7 condition sin 0 b =mAI2d 9 and wherein each reflective face has an extent such that its 

8 orthogonal projection on the substrate is less than the average separation d y whereby a trench 

9 having a trench width s is defined between each support wall and the reflective face 

10 subsequent to that support wall within the arrangement and a groove depth t is defined by the 

1 1 altitude of the support wall with respect to the surface of the substrate. 

1 35. The diffraction grating according to claim 34 wherein the interference 

2 order is second order m - 2, the wavelength X is within the range 1 500 - 1 600 nm, and the 

3 reflective faces are uniformly spaced at a grating density lid between 350 and 550 faces/mm. 

1 36. The diffraction grating according to claim 35 wherein the grating 

2 density lid is between 400 and 500 faces/mm. 

1 37. The diffraction grating according to claim 35 wherein the grating 

2 density lid is substantially equal to 450 faces/mm. 

1 38. The diffraction grating according to claim 35 wherein each of the blaze 

2 angles 6 b is between 50° and 70°. 

1 39. The diffraction grating according to claim 38 wherein each of the blaze 

2 angles B b is between 50° and 60°. 

1 40. The diffraction grating according to claim 38 wherein each of the blaze 

2 angles 6 b is substantially equal to 55.8°. 

1 41 . The diffraction grating according to claim 40 wherein the trench width 

2 s of each trench is between 0.50 and 0.70 pm. 
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1 42. The diffraction grating according to claim 41 wherein the trench width 

2 s of each trench is between 0.55 and 0.65 jam. 

1 43. The diffraction grating according to claim 40 wherein the groove depth 

2 t is between 2300 and 2500 mn. 

1 44. The diffraction grating according to claim 43 wherein the groove depth 

2 t is between 2300 and 2400 nm. 

1 45. The diffraction grating according to claim 43 wherein the groove depth 

2 t is between 2400 and 2500 nm. 

1 46. The diffraction grating according to claim 34 wherein the diffraction 

2 grating exhibits an average diffraction efficiency in S and P polarizations exceeding 80% 

3 when the optical signal has wavelength X in the range 1 500 - 1600 nm. 

1 47. The diffraction grating according to claim 46 wherein the diffraction 

2 grating further exhibits a polarization-dependent loss less than 0.15 dB when the optical 

3 signal has a wavelength % in the range 1500-1 600 nm. 

1 48. The diffraction grating according to claim 34 wherein the diffraction 

2 grating exhibits a polarization-dependent loss less than 0. 15 dB when the optical signal has a 

3 wavelength X in the range 1 500 - 1600 nm. 

1 49. The diffraction grating according to claim 34 wherein each of the 

2 plurality of reflective faces is comprised of a gold coating. 

1 50. A diffraction grating for diffracting an optical signal of wavelength X, 

2 the diffraction comprising: 

3 a substrate; and 

4 an arrangement of reflective faces oriented at respective blaze angles 6* spaced 

5 along a surface of the substrate, wherein the arrangement of reflective faces is configured 

6 such that the optical signal is diffracted with a polarization-dependent loss less than 0.4 dB 

7 when the wavelength % is within the range 1500-1 600 nm. 
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1 5 1 . A diffraction grating according to claim 50 wherein the arrangement of 

2 reflective faces is configured such that the optical signal is diffracted with a polarization- 

3 dependent loss less than 0. 1 5 dB when the wavelength X is within the range 1 500 - 1 600 nm. 

1 52. A diffraction grating according to claim 50 wherein the arrangement of 

2 reflective faces is configured such that the optical signal is diffracted with a polarization- 

3 dependent loss less than 0. 1 0 dB when the wavelength X is within the range 1530-1 565 nm. 

1 53. A diffiraction grating according to claim 50 wherein the arrangement of 

2 reflective faces is configured such that the optical signal is diffracted with a polarization- 

3 dependent loss less than 0.04 dB when the wavelength X is within the range 1 530 - 1 565 nm. 

1 54. A method for diffracting an optical signal of wavelength A, in an 

2 interference order m higher than first order, the method comprising: 

3 propagating the optical signal towards a plurality of reflective faces oriented at 

4 respective blaze angles 0b spaced along a surface of a substrate with an average separation d, 

5 each reflective face being supported by a support wall, wherein the blaze angles substantially 

6 differ from the Littro w condition sin 6 h -mXI 2d, and wherein each reflective face has an 

7 extent such that its orthogonal projection on the substrate is less than the average separation 

8 d 9 whereby a trench having a trench width s is defined between each support wall and the 

9 reflective face subsequent to that support wall within the arrangement and a groove depth t is 
10 defined by the altitude of the support wall with respect to the surface of the substrate; and 



1 1 reflecting the optical signal off the plurality of reflective faces. 

1 55. The method according to claim 54 wherein the interference order is 

2 second order m - 2, the wavelength X is within the range 1500-1 600 nm, and the reflective 

3 faces are uniformly spaced at a grating density lid between 350 and 550 faces/mm. 

1 56. The method according to claim 55 wherein the grating density \ld is 

2 between 400 and 500 faces/mm. 

1 57. The method according to claim 55 wherein the grating density lid is 

2 substantially equal to 450 faces/mm. 
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1 58- The method according to claim 55 wherein each of the blaze angles 6b 

2 is between 50° and 70°. 

1 59. The method according to claim 58 wherein each of the blaze angles 6b 

2 is between 50° and 60°. 

1 60. The method according to claim 58 wherein each of the blaze angles 0b 

2 is substantially equal to 55.8°, 

1 61. The method according to claim 60 wherein the trench width s of each 

2 trench is between 0.50 and 0.70 nm. 

1 62. The method according to claim 61 wherein the trench width s of each 

2 trench is between 0.55 and 0.65 j*m. 

1 63 . The method according to claim 60 wherein the groove depth t is 

2 between 2300 and 2500 tun. 

1 64. The method according to claim 63 wherein the groove depth t is 

2 between 2300 and 2400 nm. 

1 65. The method according to claim 63 wherein the groove depth t is 

2 between 2400 and 2500 nm. 

1 66. The method according to claim 54 wherein reflecting the optical signal 

2 off the plurality of reflective faces comprises reflecting the optical signal with an average 

3 diffraction efficiency in S and P polarizations exceeding 80% when the optical signal has a 

4 wavelength X in the range 1 500 - 1600 nm. 

1 67. The method according to claim 66 wherein reflecting the optical signal 

2 off the plurality of reflective faces further comprises reflecting the optical signal with a 

3 polarization-dependent loss less than 0. 1 5 dB when the optical signal has a wavelength X in 

4 the range 1500 - 1600 nm. 
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1 68. The method according to claim 54 wherein reflecting the optical signal 

2 off the plurality of reflective faces further comprises reflecting the optical signal with a 

3 polarization-dependent loss less than 0.15 dB when the optical signal has a wavelength X in 

4 the range 1 500 - 1 600 nm. 

1 69 . The method according to claim 54 wherein each of the plurality of 

2 reflective faces is comprised of a gold coating. 

1 70. A method for diffracting an optical signal of wavelength X, the method 

2 comprising: 

3 propagating the optical signal towards an arrangement of reflective faces 

4 oriented at respective blaze angles 6b spaced along a surface of a substrate; and 

5 reflecting the optical signal off the arrangement of reflective faces with a 

6 polarization-dependent loss less than 0.4 dB when the wavelength X is within the range 1500 

7 - 1600 nm. 

1 71. The method according to claim 70 wherein reflecting the optical signal 

2 comprises reflecting the optical signal off the arrangement of reflective faces with a 

3 polarization-dependent loss less than 0. 1 5 dB when the wavelength X is within the range 1500 

4 -1600nm. 

1 72. The method according to claim 70 wherein reflecting the optical signal 

2 comprises reflecting the optical signal off the arrangement of reflective faces with a 

3 polarization-dependent loss less than 0.1 0 dB when the wavelength X is within the range 1530 

4 - 1565 nm. 

1 73. The method according to claim 70 wherein reflecting the optical signal 

2 comprises reflecting the optical signal off the arrangement of reflective faces with a 

3 polarization-dependent loss less than 0.04 dB when the wavelength X is within the range 1530 

4 -1565nm. 

1 74. A method for fabricating a diffraction grating, the method comprising: 



33 



WO 02/06860 PCT/US01/22229 

2 (a) forming a first plurality of parallel trenches in a crystal surface with a 

3 crystalline-independent technique; and 

4 (b) chemically etching a second plurality of parallel trenches in the crystal 

5 surface with a crystalline-dependent etchant, the second plurality of parallel trenches being 

6 inclined with respect to the first plurality of trenches and each of such second plurality of 

7 trenches joining at least one of such first plurality of trenches. 

1 75. The method according to claim 74 wherein the crystal surface is a 

2 wafer. 

1 76. The method according to claim 74 wherein the crystalline-independent 

2 technique comprises reactive ion etching. 

1 77. The method according to claim 74 wherein the crystalline-independent 

2 technique comprises ion milling. 

1 78. The method according to claim 74 wherein the crystalline-independent 

2 technique comprise deep reactive ion etching. 

1 79. The method according to claim 74 wherein the crystal surface includes 

2 a silicon surface whose normal is oriented at a nonzero tilt angle with respect to a [1 10] 

3 crystallographic direction and wherein the crystalline-dependent etchant preferentially etches 

4 along [110] orientations of silicon. 

1 80. The method according to claim 79 wherein the crystalline-dependent 

2 etchant comprises KOH. 

1 81. The method according to claim 79 wherein the crystalline-dependent 

2 etchant comprises hydrazine. 

1 82. The method according to claim 79 wherein the crystalline-dependent 

2 etchant comprises ethylene diamine pyrocatechol. 

1 83 . The method according to claim 79 wherein the tilt angle is between 30° 

2 and 40°. 
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1 84. The method according to claim 83 wherein the tilt angle is between 34° 

2 and 36°. 

1 85 . The method according to claim 79 wherein the first plurality of 

2 trenches is formed approximately perpendicular to the silicon surface. 

1 86. The method according to claim 79further comprising depositing 

2 sacrificial material in each of the first plurality of trenches before performing the step of 

3 * chemically etching the second plurality of parallel trenches, the sacrificial material acting as 

4 an etch stop to the crystalline-dependent etchant. 

1 87. The method according to claim 86 wherein the sacrificial material 

2 comprises an oxide or a nitride. 

1 88. The method according to claim 87 wherein the oxide or nitride is a 

2 silicon oxide or a silicon nitride. 

1 89. The method according to claim 86 wherein the step of depositing 

2 sacrificial material comprises substantially filling each of the first plurality of trenches and 

3 coating the silicon surface with the sacrificial material. 

1 90. The method according to claim 89 further comprising exposing 

2 specific regions of the silicon surface and wherein the step of chemically etching the second 

3 plurality of trenches comprises applying the crystalline-dependent etchant to the exposed 

4 regions. 

1 91. The method according to claim 90 wherein the step of exposing 

2 specific regions of the silicon surface comprises lithographically patterning the coating of 

3 sacrificial material and applying an etchant. 

1 92. The method according to claim 90 wherein the step of exposing 

2 specific regions of the silicon surface comprises chemically and mechanically polishing the 

3 silicon surface. 



1 



93. The method according to claim 86 further comprising: 

35 




WO 02/06860 PCT/US01/22229 



2 (a) removing the sacrificial material; and 

3 (b) depositing a reflective coating on the etched crystal surface. 

1 94 . The method according to claim 86 further comprising: 

2 (a) removing the sacrificial material; and 

3 (b) using the etched crystal surface as a master for batch fabrication of the 

4 diffraction grating. 

1 95 . The method according to claim 74 wherein the crystal surface 

2 comprises a silicon-on-insulator (SOI) structure, the SOI structure including an insulator 

3 layer that defines a bottom to each of the first plurality of trenches and acts as an etch stop to 

4 the crystalline-dependent etchant 

1 96. A diffraction grating made according to the method of claim 74. 

1 97. A method for fabricating a diffraction grating, the method comprising: 

2 (a) forming a plurality of parallel trenches in a crystal surface with a 

3 crystalline-independent technique; 

4 (b) depositing sacrificial material in each of the plurality of trenches; 

5 (c) removing excess sacrificial material from the crystal surface; and 

6 (d) chemically etching the crystal surface with a crystalline-dependent 

7 etchant. 

1 98. The method according to claim 97 wherein the crystal surface is a 

2 wafer. 

1 99, The method according to claim 97 wherein the crystalline-independent 

2 technique comprises reactive ion etching. 

1 100. The method according to claim 97 wherein the crystalline-independent 

2 technique comprises ion milling. 

1 101. The method according to claim 97 wherein the crystalline-independent 

2 technique comprises deep reactive ion etching. 
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1 1 02. The method according to claim 97 wherein the crystal surface includes 

2 a silicon surface whose normal is oriented at a nonzero tilt angle with respect to a [1 1 0] 

3 crystallographic direction and wherein the crystalline-dependent etchant preferentially etches 

4 along [1 1 0] orientations of silicon. 

1 1 03 . The method according to claim 1 02 wherein the crystalline-dependent 

2 etchant comprises KOH. 

1 1 04. The method according to claim 1 02 wherein the crystalline-dependent 

2 etchant comprises hydrazine. 



1 105. The method according to claim 102 wherein the crystalline-dependent 

2 etchant comprises ethylene diamine pyrocatechol. 

1 1 06. The method according to claim 1 02 wherein the tilt angle is between 

2 30° and 40°. 

1 107. The method according to claim 1 06 wherein the tilt angle is between 

2 34° and 36°. 

1 108. The method according to claim 1 02 wherein the plurality of trenches is 

2 formed approximately perpendicular to the silicon surface. 

1 109. The method according to claim 102 wherein the sacrificial material 

2 comprises an oxide or a nitride. 

1 110. The method according to claim 1 09 wherein the oxide or nitride is a 

2 silicon oxide or a silicon nitride. 

1 HI. The method according to claim 97 further comprising dissolving 

2 substantially all of the sacrificial material after the step of chemically etching the crystal 

3 surface with a crystalline-dependent etchant. 

1 1 12. A diffraction grating made according to the method of claim 97. 

1 1 13 . A method for fabricating a diffraction grating, the method comprising: 
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2 (a) forming a first plurality of parallel trenches in a silicon crystal with a 

3 crystalline-independent ion-bombardment technique, 

4 the silicon wafer having a surface normal that defines a 34° — 36° tilt 

5 angle with respect to a [1 10] crystallographic direction of the silicon crystal and 

6 the first plurality of parallel trenches being approximately 

7 perpendicular to that surface; 

8 (b) thereafter, depositing sacrificial material to substantially fill each of the 

9 first plurality of trenches and to coat the crystal surface; 

10 (c) thereafter, lithographically patterning the sacrificial material to expose 

1 1 specific regions of the crystal surface; 

12 (d) thereafter, applying a crystalline-dependent chemical etchant to the 

13 exposed regions to etch a second plurality of parallel trenches, 

14 the crystalline-dependent chemical etchant preferentially etching along 

15 [110] orientations of silicon 

1 6 and the sacrificial material deposited in the first plurality of trenches 

17 acting as an etch stop; and 

18 (e) thereafter, removing the sacrificial material. 

1 1 14. The method according to claim 113 wherein the crystalline- 

2 independent ion-bombardment technique comprises reactive ion etching and the crystalline- 

3 dependent chemical etchant comprises KOH. 



38 



WO 02/06860 



1/23 



PCT/US01/22229 




FIG. 1(a) 
Prior Art 



SUBSTITUTE SHEET (RULE 26) 



WO 02/06860 



2/23 



PCT/US01/22229 



150 Incident 




170 



FIG. 1(b) 



SUBSTITUTE SHEET (RULE 26) 



1 



WO 02/06860 PCT/DS01/22229 

3/23 




SUBSTITUTE SHEET (RULE 26) 




SUBSTITUTE SHEET (RULE 26) 




Aou9ipijJ3 



SUBSTITUTE SHEET (RULE 26) 




SUBSTITUTE SHEET (RULE 26) 



WO 02/06860 



7/23 



PCT/US01/22229 





SUBSTITUTE SHEET (RULE 26) 



WO 02/06860 PCT/US01/22229 

8/23 



0 
Li. 




(S99JB9P) 9|6UV 9ZB|8 



SUBSTITUTE SHEET (RULE 26) 



WO 02/06860 



9/23 



PCT/DS01/22229 




CO 
Li- 



en 
c 



E 
E 

© 
•S M 
•§ ° 

5 o 
CO 

"8 i 
IS 

S 
h- 



I I I I 



f 

1 
I 

\ 



\ 

\ 

I L% 1 



o 
in 



oo 



iiii 



i i i 



CO <D 
-i— # CD 

c 



CD 



CD 



3S« 



CM 



o 



o in 

CM <c- 

• • 

o o 



o 
o 



m 
o 

o o 



o 

8 



in o 
o o 



m o 
oo oo 
o o 



Aouaipui3 



SUBSTITUTE SHEET (RULE 26) 



WO 02/06860 



PCT/US01/22229 



10/23 



E E 

c c 

o o 

CO N- 



o 

Ll_ 




Aou9!oy^3 



SUBSTITUTE SHEET (RULE 26) 



WO 02/06860 



PCT/US01/22229 



11/23 



E E 

c c 

o o 

CO 



o 
o 

CD 



o 




CO CD CN 

o o o o 



Aoueipij^3 



SUBSTITUTE SHEET (RULE 26) 




SUBSTITUTE SHEET (RULE 26) 



WO 02/06860 



13/23 



PCT/US01/22229 



nm) 


nm) 


nm) 


nm) 


o 

CO 
LO 


o 

CO 
LO 


o 

N- 
LO 


o 
in 










•pol 


•pol 


-pol 


-pol 


CO 


CL 


CO 


a. 



Ill- 



CD 

o 

Li. 



il » 

i= 5 CD 
CO -h 0) 
CD ^ 

a 0 

:r ol-o 

Q co 5k 
o> 0 in 

if P 11 

O CD CD 

111 




\ 



J 1 I L 



-k 



O 



10 
00 



o 
00 



10 

CO 

o 



o 
00 



LO 

o 



o 

O 



CD 
CD 

c 

< 

CD 



A0U9j0LLj3 



SUBSTITUTE SHEET (RULE 26) 



WO 02/06860 



14/23 



PCTAJS01/22229 



o o o o o 

CL Q. Q. CL CL 

CO CO CO CO CO 

-4-T +■* HHf* 

0) CD CD CD (D 

o o o o o 

^ a s s a 



to 



CO Tt o 



CM Tj- lO (O S 

m io to in 10 

lint 



o' 
CD 

LI- 




SUBSTITUTE SHEET (RULE 26) 



WO 02/06860 



15/23 



PCT/US01/22229 



0 o o o 

Q. CL O. Q. 

1 i i i 
CL. CL CL CL 

*5> © % IS 

o o o o 

& ^0 J? 



oq ^ p 

lO CO N 

m m io 



Mil 



cT 
CD 



© 
■s 

° c 

E *c 
E * 
w ° 

.S CL 





00 

o 



CO 

d 



o "O 



CM 
O 



CO 

d 



o co 

CD CO 

d d o 



co 

00 



s 

d 



CM 
00 



Aouaioyja 



SUBSTITUTE SHEET (RULE 26) 




WO 02/06860 PCT/US01/22229 

16/23 




SUBSTITUTE SHEET (RULE 26) 




SUBSTITUTE SHEET (RULE 26) 




SUBSTITUTE SHEET (RULE 26) 



WO 02/06860 



19/23 



PCT/US01/22229 




CD 

LL 



A0U9P!J^3 96BJ9AV 




E 
c 



c 

CD 

> 

CO 



(ap) iod 



SUBSTITUTE SHEET (RULE 26) 



WO 02/06860 



20/23 



PCT/US01/22229 



FIG. 15(a) 




FIG. 15(b) 



FIG. 15 (c) 




SUBSTITUTE SHEET (RULE 26) 



WO 02/06860 



21/23 



PCTYUS01/22229 



FIG. 15(d) 



FIG. 15(e) 



FIG. 15(f) 




SUBSTITUTE SHEET (RULE 26) 



WO 02/06860 



22/23 



PCT/US01/22229 



FIG. 16(a) 





SUBSTITUTE SHEET (RULE 26) 



WO 02/06860 



23/23 



PCT/US01/22229 



FIG. 16(d) 



FIG. 16(e) 



FIG. 16(f) 




SUBSTITUTE SHEET (RULE 26) 



• 



INTERNATIONAL SEARCH REPORT 


International application No. 




PCT/US01/22229 


A. CLASSIFICATION OF SUBJECT MATTER 




IPC(7) :G02B 5/18 




US CL :359/571; 427/321 




According to International Patent Classification (IPC) or to both national classification and IPC 


B. FIELDS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 
U.S. : 359/571; 427/321 



Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 



Electronic data base consulted during the international search (name of data base and, where practicable, search terms used) 
EAST search terms: diffraction grating, non-Littrow, etch$ near 10 grating, crystal$, sawtooth near perpendicular, poiari$ 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category* 



Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



JP 2000-89011 A (Ozarski et al) 31 March 2000 (31.03.2000), see 
entire document. 



1-114 



| | Further documents are listed in the continuation of Box C. Qjj See patent family annex. 



Special categories of cited documents: 

document defining the general state of the art which is not 
to be of particular relevance 

earlier document published on or after the international filing date 

document which may throw doubts on priority claim(s) or which is 
cited to establish the publication dale of another citation or other 
special reason (as specified) 

document referring to an oral disclosure, use, exhibition or other 
means , 

document published prior to the international filing date but later than 



later document published after the international filing date or priority 
date and not in conflict with the application but cited to understand the 
principle or theory underlying die invention 

document of particular relevance; the claimed invention cannot be 
considered novel or cannot be considered to involve an inventive step 
when the document is taken alone 

document of particular relevance; the claimed invention cannot be 
considered to involve an inventive step when the document is 
combined with one or more other such documents, such combination 
being obvious to a person skilled in the art 

document member of Che same patent family 



Date of the actual completion of the international search 
07 SEPTEMBER 2001 


Date of mailing of the international search report 


Name and mailing address of the ISA/US 
Commissioner of Patents and Trademarks 
Box PCT 

Washington, D.C. 20231 
Facsimile No. (703) 305-3230 


Telephone No. (703) 305-6106^-^^ 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: . ■ — ■ " 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



